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2. Chapter 1 - General Introduction

2.1. DNA compensation - A challenging process

DNA aggregation reveals in all known living organisms a difficult challenge. This is due to two

basic physical principles of the DNA polymer: charge and size.

The deoxyribonucleic acid (DNA) is made up of two sugar-phosphate chains wrapped around
each other in a helix. These strands are held in place by four bases which are directed towards
the inner helical structure: adenine (A), guanine (G), cytosine (C) and thymine (T) [1]. The
sugar-phosphate backbone includes a negative charge, which has to be compensated to allow
DNA packaging. The 46 human chromosomes have a contour length between 16 and 82 mm.
In comparison the diameter of human cells ranges in length from only 1 to 30 um. Each
chromosome contains between 48 and 240 million base pairs (bp) (34 nm/bp) [2]. Hence the
DNA has to be packaged in order to store it inside a nucleus. The problem of packaging of a
long DNA molecule into a small volume is not only relevant for eukaryotic cells but also for
prokaryotes and viruses. For example, the volume of a typical Escherichia coli nucleoid is
roughly 10* times smaller than the volume of a freely coiling linear DNA molecule with the
same length as the E. coli genome [3]. Even more evident is the problem of DNA packaging in
viruses. The phage A particles for example have a 48 kbp genome, which is approximately
16.5 um long [4]. This long DNA polymer has to be stored inside a viral particle with an inner
diameter of merely 55 nm. The dense packaging causes a density of genome per volume of 0.5
bp/nm>. These examples show that all organisms have to overcome the same physical barriers

of DNA condensation and DNA charge compensation.

In evolution different strategies were developed for solving this problem and for guaranteeing
a successful DNA packaging; altogether these strategies aim to store as much relevant genetic
information in little volume as possible.

As a representative of bacteria Escherichia coli shall be mentioned. These bacteria use a
mixture of typical chemical aggregation processes, which contribute to a high genomic
compaction factor The formation of the bacterial nucleoid is facilitated by macromolecular
proteins which allow the genomic condensation. It is also supported by small multivalent

cations, which neutralize the charge of the DNA [4].




One important protein, which is involved in DNA condensation, is the Escherichia coli curved
DNA-binding protein A (CbpA). This is a nucleoid-associated DNA-binding factor creating
complex. When it is bound to DNA, CbpA forms large, highly dense aggregates, which further

protect the DNA from degradation by nucleases [30].

Eukaryotic cells for example contain a crucial protein complex for DNA packaging and charge
neutralization, the so-called histones [5]. Eukaryotic chromosomes consist of a regularly
repeating protein—-DNA complex called the nucleosome. Each nucleosome consists of a protein
octamer made up of two copies of the histone proteins H2A, H2B, H3 and H4. Together with
the fifth histone, H1, it organizes about 146 base pairs of DNA. Further organization involves
the assembly of nucleosomes into higher-order chromatin structures [6]. Histones are
extremely conserved proteins and a phylogenetic attribute of all kind of animal cells [7]. Due
to the high content of positively charged amino acids (Arg and Lys) and the resulting basic
isoelectric point, histones act as spools around which the negatively charged DNA is coiled.
The 14 contacts per histone-octamer cause a binding energy of approximately 59 kJ/mol
(each histone-DNA contact stores ~ 4.2 kJ/mol of energy) [8]. This electrostatic interaction
between protein and DNA enables a compact packaging, which is necessary to fit the large
genomes of eukaryotic cells inside the nuclei [9]. The protein-DNA interaction is a mutual
interplay of both molecules. The DNA itself exhibits different structural properties, which
increase the binding between protein and DNA. For example, the aforementioned histones and
histone-like proteins are not generally considered to bind to DNA with absolute sequence
specificity. Preferentially, the binding affinity rises at DNA fragments, which are composed of
a higher content of GC-rich sequences. This is due to the fact, that a high genomic GC content
may differ in the width of the major and minor grooves and makes the protein accessible for

the DNA [13].

On the side of the protein, interaction with the DNA is mostly favored by electrostatic
parameters. In histones, the ratio of negatively charged residues to positively charged residues
(Asp+Glu)/(Arg+Lys) is very low (approximately: 0.28). Histone H4 for example is
composed of 13.6 % Arg and 10.7 % Lys residues. The composition and number of the
positively charged amino acids causes a high ionic attraction to the negatively charged

phosphate groups.




As a result, the chromosomal DNA, which is approximately 2700 times larger than the
diameter of a cell, can be packaged into an even smaller cell nucleus and the charge is

compensated [10].

In addition to histones there are also other conserved proteins with a high content of
positively charged amino acids for interacting with the DNA. These interactions are involved
in a wide range of cellular processes ranging from cell cycle to cellular differentiation and
development [11]. Besides histones, there are RNA polymerases, chromatin remodelling
proteins, general transcription factors, several co-factors and a range of sequence-specific
factors, which interact in different fashion with the DNA [12].

The DNA/protein interaction is, in these cases, supported by a specific conformation of the
protein and by the amino acid composition. These structural microscopic and macroscopic
elements of the protein architecture increase the binding affinity between protein and DNA.
Further DNA-binding motifs developed during evolution. The following paragraph describes

some of the most relevant amino acid motifs, which are involved in protein/DNA interaction:

Helix-turn-helix

The Helix-turn-helix is characterized by two protein helices which interact with the DNA. The
C-terminal helix lies within the major groove of the DNA double helix in comparison to the

second protein helix which binds to the sugar-phosphate backbone [14].

Helix-loop-helix

The protein binding-motif consists of a short segment of an alpha helix connected to a longer
segment of an alpha helix by a loop. Both protein helices connect to the DNA’s major groove

[15].

Leucine zipper

Proteins of this type form homo- or heterodimers. Two alpha helices, one from each monomer,
form a coiled-coil structure at one end due to interactions between leucines that extend from
one side of each helix. Beyond the dimerization interface the alpha helices diverge, allowing

them to fit into the major groove of the DNA double helix [16].




Zinc finger

It consists of a segment of alpha helix bound to a loop by a zinc ion. The zinc ion is held in
place by two cysteine and two histidine groups. The alpha helix lies within the major groove

of the DNA double helix. Zinc finger motifs are often repeated in clusters [17].

Other than the extremely specific proteins with their conserved binding motifs, which are
common in eukaryotic and prokaryotic organisms, also viruses developed processes to achieve
a high yield of DNA condensation. Theoretical considerations have shown, that the DNA in
phages is highly organized [18]. The mechanism depends on one important parameter,
namely that of positively charged molecules in the capsid, which compensate the negatively
charged phosphate backbone of the DNA [19]. The main cation phage A uses for this purpose
is Mg®*; but also polyamines, for instance putrescine and spermidine, are employed for charge
compensation [20]. The polyamines appear to be surrounded by the protein of the phage; i.e.
they are inside the phage head, which cotains the DNA. Hence the polyamines appear to be
associated with the DNA rather than with the protein of the phage [3, 20, 21, 22].

Besides cations and polyamines, there are also other positively charged molecules used for this
task. Especially cationic and fusogenic lipids increase the genomic aggregation. By becoming a
liposome, the condensed DNA takes a toroid-like structure. Apart of the efficacy of liposome
complexes is presumably due to the compact state of the DNA, which protects it from
nucleases and allows it to pass more easily through small openings. The lipid coating on the
DNA may also increase its permeability through cell membranes using it as a very efficient
agent for transfection of eukaryotic cells [23]. For example a liposome which includes a 48 kb
DNA fragment yields a toroid with an inner diameter of about 60 nm [32].

One further process, which is very well established in DNA condensation, is the principle of
overlapping genes. These overlaps are typically assumed to be a form of genome compression,
allowing the virus to increase its repertoire of proteins without increasing its genome length.
Concluding, two or more proteins coded for the same nucleotide sequence.

However, it is supposed that a negative relationship between overlap proportion and genome
length among viruses with icosahedral capsids consists, but not among those with other types

of capsids [29].




As a resume, it can be concluded, that charge compensation of a DNA polymer bears some
similarities to protein folding.

Due to the formation of compact, regular structures, the many types of non-covalent
interactions and the accessibility for a wide range of different interactions, both processes are

difficult to achieve [23].

2.2. PBCV-1 - The prototype Chlorella virus

The present work attempts to uncover the mechanisms by which the Paramecium bursaria
chlorella virus 1 (PBCV-1) stores its large dsDNA genome in its capsid. PBCV-1 belongs to the
family of the Phycodnaviridae, i.e. a group of DNA viruses infecting algae. The members of this
family are important ecological elements in aqueous environments within the virioplankton.
Along with other viruses, phycodnaviruses play an important role in the dynamics of algal
blooms, nutrient cycling, algal community structure, and possibly gene transfer between
organisms [24, 25]. Chlorella viruses are a subgroup of the phycodnaviruses; they are large,
icosahedral, double-stranded-DNA containing viruses that replicate in certain strains of the
unicellular green alga Chlorella. DNA sequence analysis of the 330 kbp genome of PBCV-1
predicts 365 protein-encoding genes. PBCV-1 has a multilayer structure with an outer
glycoprotein capsid that surrounds a lipid bilayer membrane and the dsDNA genome. Vp54 is
a glycoprotein and the major component of the capsid and represents about 40 % of the
weight of the total protein content in the virus. It forms an icosahedral capsomer, which has a

pseudo-6-fold symmetry.

Using cryo-electron microscopy, it has been shown, that the virion has a diameter varying
from 165 nm (measured along the 2-fold and 3-fold axes) and 190 nm (measured along the 5-
fold axes). The capsid shell consists of 1680 donut-shaped trimeric capsomers plus 11
pentameric capsomers, one at each icosahedral edge (see Figure 2.2.1) [26]. The PBCV-1
glycoprotein shell is composed of 20 triangular units (or trisymmetrons) and 12 pentagonal
units (or pentasymmetrons) at the 5-fold vertices [27]. Additional cryo-electron microscopic
analysis of PBCV-1 revealed a 54 nm long narrow cylindrical structure at one edge of the
icosahedral capsid. This so-called spike seems to attach to the host cell wall and keeps the

particle in contact with it.




Figure 2.2.1: The icosahedral cryo-electron microscopic structure of PBCV-1.
1: Hexagonal arrays of major capsomers form trisymmetrons (blue, magenta, green) and pentasymmetrons
(yellow). The unique vertex with its spike structure is at the top. 2: Central cross-section of the cryo-electron

microscopy density (Scale bar: 50 nm) [26].

The attachment of PBCV-1 to the host receptor is a specific and highly affine process. Unlike in
other viruses, the spike is probably not used for DNA delivery into the host. The spike
diameter is at the outside of the capsid only 3.5 nm and hence to narrow for DNA to pass. The
spike rather seems to serve for puncturing the cell wall of the host and for releasing cell wall
digesting agents. It has been assumed, that the spike may furthermore play a role in the
target-oriented navigation of the particle [26].

Circumstantial data suggest that, after a successful release of enzymes from the virus and after
successful local digestion of the algal cell wall, the membrane of the virus and the plasma
membrane of the host fuse due to the high internal pressure within the host cell [31, 34]. This
enables the delivery of the viral DNA and virion-associated proteins into the host cell. There,
DNA and proteins probably move to the nucleus where the early gene transcription begins
after 5 - 10 min post infection (p.i.) The early mRNAs are transported to the cytoplasm for
translation, and at least some early proteins presumably return to the nucleus to initiate viral

DNA replication.




This begins 60 - 90 min p.i., followed by late gene transcription. Late mRNAs are transported
to the cytoplasm for translation and many of these late proteins are targeted to the virus
assembly centers where virus capsids are formed and DNA is packaged. The Chlorella cell wall
is lysed, and the infectious PBCV-1 progeny is released at 6 - 8 h p.i. The processes of infection

and replication are summarized in detail by [27].

The phycodnaviruses have some of the largest virus genomes ranging in size from < 170 to
560 kbp. In the case of PBCV-1 the genome consists of 330 kbp with an average length of 100
wm. This genome has to be packaged into a capsid with an inner diameter of about 80 nm
resulting in a density of 0.15 bp/nm®. In addition to the DNA, the virus also contains proteins.
Measurements suggest that it contains 64 % protein, 23 % DNA and 7.5 % lipid [28]. In the
context of these geometric parameters the process of DNA packaging in chloroviruses is
similar to that in phages. In comparison, phage A particles have a 48 kbp genome, which is
approximately 16.5 um long [3]. This causes a density of genome per volume of 0.5 bp/nm?>.

As already mentioned, the presence of lipids is an important mechanism involved in charge
aggregation. With the help of the inner lipid bilayer, the viral structure creates a liposome in
which the DNA is located. There is no doubt that the lipids in PBCV-1 play a role in charge
compensation even though the molecular lipid composition is not known. It is assumed that
especially the genomic charge at the surface, close to the lipid is compensated. As mentioned
before, a 48 kb DNA fragment yields a toroid with an inner diameter of about 60 nm. Due to
this fact, it is not possible to fully compensate the charge of the DNA, because for this purpose

the inner viral diameter should have a size of about 640 nm.

The aspect that the packaging density of the chloroviruses is similar to that in phages implies
that both types of viruses have a similar challenge for packaging their DNA into a small

volume.

2.3. Aim of the work

The aim of the present work is to give an answer to the following question: “Do PBCV-1

virions contain proteins, which are responsible for DNA aggregation?”.




Recent experiments revealed that PBCV-1 does not include such a high concentration of
polyamines like phage A does. Due to this fact, PBCV-1 should have established another

process for charge compensation which is not usual for viruses.
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3. Chapter 2 - PBCV-1 contains no appreciable amounts of cations or polyamines

3.1. Abstract

Condensation is defined as a decrease in volume of a molecule changing from a large to a
compact state. In addition to condensation, the charge of a molecule poses also a difficult
obstacle in dense packaging of molecules. A biological example for successful condensation of
a charged molecule is the packaging of the long dsDNA genome of Chlorella viruses; these
viruses package in case of PBCV-1 a ca. 100 um long DNA molecule into a volume of only 1.7
* 107 m®. The small amounts of polyamines, which are present in the Chlorella virus PBCV-1,
are insufficient for charge compensation. To test whether the virus PBCV-1 uses like phages
cations for charge compensation we measure here the content of cations in the particles of
virus PBCV-1. Two independent methods, namely Energy dispersive X-ray spectroscopy (EDX)
and Inductively coupled plasma-mass spectrometry (ICP-MS), are able to detect the DNA
associated phosphate in the particles. The data indicate that PBCV-1 includes no sufficient

amount of cations, which is required for the charge compensation of the DNA.

3.2. Introduction

Members of the phycodnaviruses contain some of the largest viral genomes, ranging in size
from < 170 to 560 kbp. In the case of virus PBCV-1 the genome consists of a 330 kbp dsDNA
molecule with an average length of 100 um. Because the polymer molecule has to be
packaged in a viral capsid with an inner diameter of only 80 nm the DNA has to be heavily
condensed. The available space is in reality even more constrained since the capsid contains in
addition to the DNA also many proteins. Measurements suggest that it is made of 64 %
protein, 23 % DNA and 7.5 % lipid [1]. The challenge of DNA packaging in chloroviruses is in
principle similar to that in many other virsues. On a more abstract level, all living organisms
e.g. prokaryotes and eukaryotes have the same challenge for packaging their large genome in
small volumes. The phage A for example, has a 48 kbp genome, which is approximately 16.5

wm long [2]. This has to be packaged into a 300 times smaller viral coat.
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The fact that the genomic density of the chlorovirus is similar to that in phages (Table 3.2.1)
implies that both types of viruses have a similar challenge for packaging their DNA into a

small volume.

Table 3.2.1: Physical characteristics of A Phage and PBCV-1 concerning the DNA packing.

A Phage | PBCV-1
Genome [kbp] 48 330
Diameter [nm] 55 190
DNA linear [pum] 16.5 100
Ratio [bp/nm3] 0.5 0.15

As a consequence of the dense packaging of DNA, viral capsids are often highly pressurized.
Recent experiments have established, that the forces inside these capsids reach high values of
up to 50 bars when the genomes are fully packaged [3]. The high pressure in the stored DNA
in turn is the driving force for the rapid ejection of DNA from the virus particle into the host.
Recent experiments have shown that the phage A ejects its DNA because of this pressure with
an initial velocity of 60 bp/s [4]. As a result the entire DNA can be transferred within a few
seconds from the phage into the host [5].

The mechanism of DNA packaging in phages depends on one important structural
characteristic namely the availability of positively charged molecules in the capsid, which are
able to balance the negatively charged phosphate backbone of the DNA [6]. Mainly, with the
help of cations and polyamines, phages can in this way neutralize more than 90 % of the
charge [3]. The compensation of these electrostatic forces is essential for the effective
condensation of the DNA molecule. Without these cationic molecules the strong repulsive
interactions between the negatively charged DNA, which become relevant when the segments
in the DNA molecule approach closely, would otherwise prevent an efficient condensation.
During packaging into virus particles the high molecular weight DNA undergoes a dramatic
aggregation to a compact, usually highly ordered structure. The main cation used for this
purpose in T4 bacteriophages is Mg”*, but in addition, also polyamines like putrescine and
spermidine are employed for charge compensation [6, 7]. The enthalpy of binding of spermine
to DNA is 0 J/mol, compared with -1260 J/mol for poly(L-lysine) and +1470 J/mol for Mg**.
Thus polyamine binding is an exothermic, entropy-driven reaction. It is defined as an
energetically favourable reaction that occurs spontaneously when polyamines bind the DNA

phosphate [8].
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In case of virus PBCV-1, sequence analysis revealed an open reading frame, A237R, which
encodes a protein with 34 % amino acid identity to the homospermidine synthase from
Rhodopseudomonas viridis. This protein catalyzes the NAD'-dependent formation of
homospermidin. But it is unlikely that these polyamines are important for the neutralization of
PBCV-1-DNA, because the total number of polyamine molecules per virion (~ 539 molecules)
is too small for significantly neutralizing DNA (~ 660000 nucleotides) of virus PBCV-1.
Hence, despite of the presence of a polyamine-synthesizing-enzyme, merely 0.2 % of the viral
phosphate residues could be compensated by polyamines (Table 3.2.2). From these
considerations we can conclude that polyamines can be neglected in the balance of total
charges in the virus particle [9]. The function of a virus coded putative homospermidine

synthase remains unknown and its role in the virus life cycle is still obscure [10].

Table 3.2.2: Polyamine content of PBCV-1.

Merely 0.2 % of the total phosphate residues could be neutralized with the polyamines [9].

Polyamine Molecules/virion Totalcﬁzi}éaemme Pl;(;ﬁ?:ltiizgszifges
Putrescine 277 554 0.08
Cadaverine 32 64 0.01
Spermidine 196 588 0.09
Homospermidine 34 102 0.02
Total 539 1308 0.2

It has already been mentioned that the bacteriophage T4 uses also cations to compensate the
negative charges of its DNA [11]. If PBCV-1 would do the same, the total amount of cations in
the particle should be equal to the phosphate concentration. To address the question whether
the PBCV-1 particle indeed contains sufficient amounts of cations for compensation of the
charged DNA we use here energy dispersive X-ray spectroscopy (EDX) and the inductively
coupled plasma mass spectrometry (ICP-MS) to estimate the cation content in the particles.
The results from both methods show that the PBCV-1 particles contain no appreciable

concentrations of cations; charge compensation of the DNA must rely on other mechanisms.
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3.3. Material and Methods

3.3.1. Strain and culture conditions

The production and purification of the Chlorella viruses and the isolation of the DNA was done

as previously described [10, 12].

3.3.2. Virus quantification

With the help of plaque assays it was possible to determine the amount of viral particles
(plaque forming unit, PFU) [38]. With this quantification it was possible to use same
concentrations of freshly isolated viral particles (10! virions/ml) for each analytical method.
The host cells, Chlorella variabilis, (formerly named Chlorella NC64A), were concentrated to a
final density of 4.0 x 10® cells/ml. The MBBM soft agar (0.75 %) tubes were liquefied and kept
in a 48 °C water bath. Agar (1.5 %) plates were produced under sterile conditions and 1 ul
tetracycline (10 mg/ml) was added. To each tube with soft agar 300 ul of the concentrated
Chlorella variabilis and 100 ul of the diluted PBCV-1 virus were added. The tubes were briefly
mixed and poured onto the plate. The dish was then gently rotated until the entire surface of
the plate was covered with soft agar. The plates were subsequently incubated at 25 °C in

continuous light. After 3 - 4 days the plaques were ready to count.

3.3.3. Energy dispersive X-ray spectroscopy (EDX)

The Energy dispersive X-ray spectroscopy (EDX) is an analytical technique to characterize the
chemical composition of a sample. In this technique, a probe is exposed to an electron beam.
This results in the emission of x-radiation with a distinct energy. This energy of the emitted x-
rays is characteristic for each atom and the height of the peaks is proportional to the
concentration of the elements. Here, viral particles were excited by an external electron beam
to analyze the element specific x-ray emission. 50 ul of PBCV-1 or 50 ul 100 mM KCl, 50 mM
NacCl solution were dried onto a carbon covered, copper grid (3.5 mm).

The transmission electron microscope (TEM) Philips CM12 with an accelerating voltage of 120

kV and an EDX-Detector (EDAX™) was used to characterize the resulting emission spectra.
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For the measurement of embedded PBCV-1 virions highly concentrated particles were fixed
with a cacodylate-buffered (pH 6.8) 2 % glutaraldehyde, 2 % formaldehyde (freshly prepared

from paraformaldehyde) solution. After washing in buffer, samples were post-fixed in OsO4 (2
% in the same buffer), dehydrated in a graded acetone series, and embedded in Spurr’s resin.
Ultrathin sections were obtained with diamond knives, post-stained with uranyl acetate and

lead citrate and examined with a Zeiss EM 109 transmission electron microscope. [14]

3.3.4. Inductively coupled plasma-mass spectrometry (ICP-MS)

ICP-MS (inductively coupled plasma-mass spectrometry) is a conventional spectroscopic
technique for measuring trace amounts of molecules; it uses inductively coupled argon plasma
as the source of atomic emission. It can in principle be used for the determination of all
elements and for analyzing the molecular composition of complex samples. A solution with
PBCV-1 particles in a buffer (50 mM Tris-HCI, pH 7.8) was diluted with highly concentrated
sulphuric acid, 95 % ultrapure (1:2). Samples were then boiled in a sterile melting pot until
the solution was fully evaporated. The resulting condensation was re-suspended in 65 % nitric
acid, again vaporized and finally stored in ultrapure LS-MS-H,O. The measurements were

kindly performed by Merck KGaA (Darmstadt, Germany).

3.4. Results and Discussion

3.4.1. PBCV-1 contains no significant amounts of cations

To examine the mechanism by which virus PBCV-1 neutralizes the charges of its DNA and to
address the question whether PBCV-1 contains significant concentrations of ions, energy
dispersive X-ray spectroscopy (EDX) on virus particles was performed. A spectrum of the virus
particles and a control solution (reference salt solution: 100 mM KCl, 50 mM CacCl,) are
shown in Figure 3.4.1.1 (black and grey graphs, respectively). Because the measurements of
the salts were done on crystals, it is not possible to compare the intensity values of the spectra
quantitatively; crystallisation leads to an unknown stoichiometry of the salts. Intensity values
were scaled to the carbon peak (maximum of the peak is not displayed) for each recording

and are presented as a function of the accelerating voltage [keV] in Figure 3.4.1.1.
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The reference spectrum reveals the profile for the dominant cations and anions. Notably the
spectrum of the virus particle reveals no significant signal at the energies of the respective
cations. The copper (Cu) and silicium (Si) peaks in the spectrum are generated by the surface
of the sample carrier on which the samples were transferred. The high values of carbon (C),
nitrogen (N) and oxygen (O) are due to the organic composition of PBCV-1 and of the carbon
cover. In contrast, the concentration of possible DNA neutralizing cations (i.e. sodium,

potassium and calcium) is very low.
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Figure 3.4.1.1: EDX analysis of the molecular composition of PBCV-1 virions and salt solution.

EDX spectra of Cu coated PBCV-1 (black) particles and a control solution (100 mM KCl. 50 mM CaCl,, grey). The
intensity is presented as a function of the accelerating voltage [keV]. Inset: Magnification of the phosphate peak.
Due to the DNA a distinct phosphate peak in the viral sample was detectable.

C: carbon, N: nitrogen, O: oxygen, Cu: copper, Na': sodium, Mg>*: magnesium, Si: silicium, P: phosphor, CI:

. + . 2+ .
chloride, K™: potassium, Ca“": calcium

In contrast to the reference, the spectrum of the virus particle also exhibits a large phosphate
peak. The majority of phosphate in PBCV-1 comes from the DNA and the lipids. It is assumed,
that each virus generally contains with its dSDNA approximately 660000 phosphate residues,
which have to be compensated. The virus particle is roughly spherical with an inner diameter
of 80 nm, which translates into a volume of 2.7 x 10 1. This corresponds to a concentration

of about 3.3 M phosphate.
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In the EDX spectra of PBCV-1, (Figure 3.4.1.1, inset) phosphate can clearly be detected in the
viral capsids. If cations were compensating the charge, we would expect a signal of a similar
magnitude from the respective cations. However, the spectra reveal that the major cations are
absent in these recordings. The same type of experiment was repeated with thin sections of
embedded virions. This procedure should eliminate possible artefacts from the external
solution and increase the relative signal from the interior of the virus particles. Because the
viral particles were fixed in a resin it was possible to collect the emitting energy from a single

virus (Figure 3.4.1.2 A). This should increase the specificity of the recording.
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Figure 3.4.1.2: EDX analysis of the molecular composition of an embedded PBCV-1 virion.
EDX spectrum of embedded PBCV-1 virions (black) and a control (grey, resin). The intensity is presented as a
function of the accelerating voltage [keV]. Inset: TEM-image of embedded PBCV-1 virions. For determination of
the cationic content of a single viral particle (X), one virion was focused and the emitting energy spectra was
detected.
C: carbon, N: nitrogen, O: oxygen, Cu: copper, Na': sodium, Mg>*: magnesium, Si: silicium, P: phosphor, CI:

. . 2 .
chloride, K*: potassium, Ca**: calcium
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The spectra show that it is not possible to resolve each signal; the intensity of highly
concentrated elements such as carbon, nitrogen and oxygen mask smaller signals. This fact
results in a shift along the x-axis.

The data confirm the aforementioned results of measurements on the whole particles: the
phosphate is again detectable but there is no signal, which can be correlated with a relevant
cation. In comparison with the control solution there is no major concentration of free cations
in the viral particles; also the presence of complexed cations such as in cationic lipids can be
excluded. The data do not priory exclude the presence of any cation in the virion; but their
concentration must be below the sensitivity of the EDX method and much smaller than the
phosphate concentration in the virion. Collectively the data stress that the concentration of
cations is too small for compensating the viral DNA. Hence, other mechanisms must be
employed for this task. Further experiments reported below substantiate the hypothesis that

the storing of DNA in the particles of chloroviruses is different from that of phages.

3.4.2. The content of Mg>" is one fifth of the total phosphate concentration

To verify the EDX data, we also determine the amount of cations in the virions of PBCV-1 with
an independent and more sensitive method. The ICP-MS technique is suitable to detect even
trace amounts of a molecule in a solution. The data from the ICP-MS measurements show that
the viral particles contain calcium, magnesium, potassium and phosphor. Intensity values
were scaled to the phosphor.

As in the EDX spectra, the ICP measurements also show that the content of phosphor is higher
than that of the cations. Hence, the phosphor content of the particles is 5 times higher than
that of each cation, which is associated with the particles (Figure 3.4.2.1). The data agree
with the EDX measurements that the phosphor in the particle is not compensated by any

single cation.
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Figure 3.4.2.1: Molecular concentration of common cations and phosphor of PBCV-1.

The viral molecular composition referred to calcium, magnesium, potassium and phosphor is measured using the
ICP-MS method. The data revealed that the amount of each cation in PBCV-1 is one fifth of the total phosphor
concentration. Table: The total concentration of cations in PBCV-1is comparable to those in the reference (Tris-

HCI). Ca**: calcium, Mg”*: magnesium, K*: potassium, P: phosphor

The most common DNA-neutralizing cation Mg?* [15] is only present at trace amounts.
Hence, Mg®* can only compensate about 21 % of the phosphate. To sum up, it turns out that

all cations can account for about 58 % of the charge compensation.

3.5. Conclusion

The data reveal that cations are even detectable in a quantitatively fashion but the
concentration is not sufficient to accomplish the whole genomic condensation. Only one fifth
of the total phosphor concentration can be neutralized by using Mg?*, which is the most
common DNA compensating cation. But taken all cations together, interestingly 58 % of the

total phosphate can be neutralized.
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Due to that fact it seems possible PBCV-1 should use another mechanism or established a

mixture of DNA aggregation processes like Escherichia coli does.
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4. Chapter 3 - Structural Organization of DNA in Chlorella Viruses

4.1. Abstract

Chlorella viruses have icosahedral capsids with an internal membrane enclosing their large
dsDNA genomes and associated proteins. Their genomes are packaged in the particles with a
predicted DNA density of ca. 0.2 bp/nm®. Occasionally, infection of an algal cell by an
individual particle fails and the viral DNA is dynamically ejected from the capsid. This shows
that the release of the DNA generates a force, which can aid in the transfer of the genome into
the host in a successful infection. Imaging of ejected viral DNA indicates that it is intimately
associated with proteins in a periodic fashion. The bulk of the protein particles detected by
atomic force microscopy have a size of ~ 60 kDa and two proteins (A278L and A282L) of
about this size are among 6 basic putative DNA-binding proteins found in a proteomic analysis
of DNA-binding proteins packaged in the virion. A combination of fluorescence images of
ejected DNA and a bioinformatics analysis of the DNA reveal periodic patterns in the viral
DNA. The periodic distribution of GC rich regions in the genome provides potential binding
sites for basic proteins. This DNA/protein aggregation could be responsible for the periodic
concentration of fluorescently labeled DNA observed in ejected viral DNA. Collectively the
data indicate that the large Chlorella viruses have a DNA packaging strategy that differs from
bacteriophages; it involves proteins and share similarities to that of chromatin structure in

eukaryotes.

4.2. Introduction

Chloroviruses in the family Phycodnaviridae have a long evolutionary history, possibly dating
back to the time when eukaryotes arose from prokaryotes [1-3]. They are predicted to have a
common ancestor with the poxviruses (e.g. vaccinia virus), asfarvirues, iridoviruses,
ascoviruses and mimiviruses [1, 4, 5]. Collectively, these viruses are referred to as
nucleocytoplasmic large DNA viruses (NCLDVs). PBCV-1 virions, the prototype chlorovirus,
are large icosahedral particles (190 nm in external diameter) that have an internal lipid
bilayered membrane [6]. However, the particles have more surface features than was

originally thought.
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One of the PBCV-1 vertices has a 560 A long spike structure; 340 A protrudes from the surface
of the virus. The part of the spike structure that is outside the capsid has an external diameter
of 35 A at the tip expanding to 70 A at the base [7, 8]. The spike structure widens to 160 A
inside the capsid and forms a closed cavity inside a large pocket between the capsid and the
internal membrane enclosing the virus DNA. Therefore, the internal virus membrane departs
from icosahedral symmetry adjacent to the unique vertex. Consequently, the virus DNA
located inside the envelope is packaged non-uniformly in the virion. In addition to the spike,
external fibers extend from some virus capsomers. PBCV-1 infection resembles infection by
tailed bacteriophages because its genome must cross the cell wall (and membrane) of its host
C. variabilis to initiate infection. The PBCV-1 spike first contacts the host cell wall [8] and the
fibers aid in holding the virus to the wall. The spike is too thin to deliver DNA and, therefore,
it probably serves to puncture the wall and is then jettisoned. Following expansion of the hole
in the host wall by a virus-packaged enzyme, the viral internal membrane presumably fuses
with the host membrane, facilitating entry of the PBCV-1 DNA and virion-associated proteins
into the cell, leaving an empty capsid attached to the surface [9]. This fusion process triggers
rapid depolarization of the host membrane [10], possibly by a virus encoded K* channel
(named Kcv) predicted to be located in the internal membrane of the virus, followed by rapid
release of K* from the cell [11] and altered secondary active transport of solutes [12]. The
rapid loss of K™ and associated water fluxes from the host reduce its turgor pressure, which
may aid ejection of viral DNA and virion-associated proteins into the host [13]. A property
that all NCLDVs, including the chloroviruses share with dsDNA bacteriophages and other DNA
viruses, is that they package a dsDNA genome into a geometrically confined capsid. An
example of DNA packaging is the 48.5 kb genome of bacteriophage A. Its extended linear form
of 16.5 um [14] is compressed into a capsid with an inside radius of 27.5 nm [15], creating a
DNA density inside the particle of 0.6 bp nm™. This value approaches the maximal theoretical
density for DNA packaging and the DNA is almost at crystalline density inside the phage head
[16]. A lower DNA packaging density occurs in the two NCLDVSs, vaccinia virus and mimivirus.
Both viruses package their large DNA genomes with a density of ~ 0.05 bp nm™ [17, 18]. Our
estimates of DNA packaging density place the chlorovirus PBCV-1 between phage A and
vaccinia virus and mimivirus. The ~ 330 kb genome of virus PBCV-1 is compressed into a
capsid with an inner radius of about 72 nm providing a DNA density of ~ 0.2 bp nm~. DNA

packaging density has implications for virus infection.
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Experiments and theoretical calculations indicate that the high DNA packaging density in
phages generates enormous internal pressure in the particles, ranging up to 50 bars [19]. This
pressure serves as a driving force for the rapid ejection of DNA from the virus particle. For
example, phage A expels its DNA with an initial velocity of 60 kbp/sec, which then decreases
as the residual amount of DNA in the particle decreases [20]. As a result, the entire DNA can
be propelled from the capsid in ~ 1.5 sec under optimal conditions [14]. In another example,
phage T5 DNA is expelled in a stepwise fashion at a rate reaching 75 kpb/sec [21]. This
pressure driven DNA ejection provides at least part of the energy required for the transfer of
the DNAs into their hosts [22].

PBCV-1 is unique among the NCLDVs in that it uncoats its DNA at the cell surface and leaves
an empty capsid on the outside of the cell wall, similar to many tailed bacteriophages.
Consequently, PBCV-1 may use similar mechanical forces as phages to eject its genome into its
host cell [13]. In contrast, most NCLDVs are not faced with a cell wall and they initiate
infection by either an endocytotic or an envelope fusion mechanism with the host plasma
membrane; they then uncoat inside the cell. Consequently, most NCLDVs do not require a
high DNA density to initiate infection. In fact, when DNA is released from the vaccinia capsid
it does not burst out but rather pours out like a thick fluid [17], suggesting that forced
ejection of vaccinia DNA is not important for its infection.

Phage DNA packaging depends primarily on two parameters: the function of motor proteins
and cations. Dense packaging of DNA requires that 90 % of its charge is neutralized [23].
Evidence for charge neutralization of densely stored DNA in phages existed more than 50
years ago. While phages typically use cations to neutralize their DNA, some phages use
polyamines, such as putrescine and spermidine in addition to cations [24]. There is no
evidence indicating basic proteins contribute much to neutralizing phage dsDNA genomes [25,
26]. Indeed the dense DNA packaging in many phages leaves little room for DNA-binding
proteins [27]. As mentioned above, DNA packaging in NCLDVs faces similar challenges to
those in bacteriophages. Indeed, many dsDNA viruses use proteins for DNA packaging.
Polyomaviridae [28] and Papillomaviridae [29] for example, can functionally co-opt host
histone proteins. Other dsDNA viruses (Adenoviridae, Asfarviridae, Baculoviridae) express small
arginine rich protamine-like proteins with putative DNA condensation functions [30,31].
Currently, little information is available on the mode of DNA packaging in the large

chloroviruses.
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At least in the case of PBCV-1, and presumably other chloroviruses, DNA neutralization may
also employ proteins because PBCV-1 virions contain 148 different viral-encoded proteins
[46], some of which have been described as DNA-binding proteins [32]. This large number
suggests that DNA-binding proteins play a role in the organization and packaging of
chlorovirus DNA genomes. Here we report a procedure for releasing PBCV-1 DNA from the

virus particle and analyze its structural properties.

4.3. Material and Methods

4.3.1. Materials

Chlorella NC64A (recently named Chlorella variabilis [41]) and virus PBCV-1 were grown and
isolated as previously described. Viral DNA was isolated from particles by two procedures: i)
hyper-infection and ii) by osmotic shock. In the first procedure, isolated PBCV-1 particles were
incubated for 10 min in standard modified Basic Bolds medium (MBBM) [42] with 30 mM
4’,6-Diamidino-2-phenylindol (DAPI) to label its DNA. C. variabilis cells were inoculated in
MBBM containing 30 uM DAPI with the fluorescently labelled PBCV-1 at a multiplicity of
infection (m.o.i) of ~ 100 [42]. This process leads to the dynamic release of DNA from a few
virus capsids. For DNA release via osmotic shock, a PBCV-1 suspension (8 x 10'° PFU/ml) was
incubated for 1 h in 0.5 M KCI solution and then rapidly transferred to 60 mM KCI. For
microscopic imaging experiments, the DNA was then labelled by adding 30 uM DAPI to this
solution. For other experiments, we transferred the particles to fresh mica for atomic force
microscopy (AFM) imaging or kept the diluted solution for 1 h before separating the soluble
proteins from the released DNA according to [38]. This procedure resulted in the viral DNA
being concentrated in the pellet by a factor > 30. The pellet containing DNA and associated

proteins was re-suspended in 10 ul of distilled water.

4.3.2. Fluorescence microscopy

PBCV-1 particles and ejected fluorescently-labelled DNA were imaged on a Zeiss Axioskop

40™ epifluorescence microscope.

25



Samples were excited at 358 nm and fluorescence detected through a 461 nm filter. The
images were recorded with a sensitive electron multiplying charged coupled device and a

digital camera Andor LUCA™.

4.3.3. AFM imaging

Images of ejected DNA were obtained with an AFM (Asylum Research™, MFP-3D™) using a
cantilever (AC160TS, Standard Si cantilever, Olympus) with a < 10 nm tip. Fifty ul of a
solution containing PBCV-1 particles or viral DNA (10 ng/ml), which was released from the
capsids by osmotic shock, were incubated for 5 min on a smooth mica surface. The
preparation was washed twice with 1 ml distilled water and dried by high air pressure (1 min,
2 bar). For imaging, the tapping mode was used, which reduces sample exposure. The volume
of particles was analyzed using the particle analysing tool Image Processing Software, Image

Metrology A/S with standard settings.

4.3.4. Bioinformatic analysis of PBCV-1 genome

The experimental results indicated that one or more DNA-binding proteins were involved in
organizing the viral DNA in nearly equidistant units; if so, the mechanism would most likely
require periodic binding motifs in the DNA. To identify protein binding domains in PBCV-1
DNA, we analyzed its genome sequence for periodic signals using our own code [43, 44],
BioPyhton [45] and NumPy for Fast-Fourier-Transformations (FFT). First, we scanned the
genome for 6 and 8 bp motifs including two wildcard characters at most, which match any
nucleotide. We computed the Hamming distance of all possible fragments (330742 fragments)
to all possible, potential motifs (15361 and 311297 motifs, respectively). This produced a
string of integers — representing the hamming distance - ranging from zero to N, where N is
the motif length. Any periodic or semi-periodic structures in this data are revealed by Fourier
analysis as peaks in the Fourier components. We restricted our analysis to small motifs
because of computational constraints. Therefore, we could not detect signals for larger motifs
directly, e.g., two binding motifs connected by a highly variable region. This prompted us to
not look for one particular motif with the most pronounced peak in the Fourier spectrum.
Instead, we counted how often a particular length scale appeared and averaged over all

motifs.
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This protocol has an additional advantage because it also reveals periodicities of much larger
motifs; e.g., consider the simple case of two motifs separated by some variable genomic
region. Separately, these two motifs would exhibit the same periodicity. However, if we
analyze the data averaged over all motifs, we also uncover the “synchronization” of the motifs
along the chain and therefore, the correlated periodicity. We also analyzed the motifs that
contributed most, for their relative content of nucleotide types. The measurements were

kindly performed by Kay Hamacher (TU-Darmstadt, Germany).

4.3.5. DNA bound protein

In a further analysis, we separated DNA bound proteins from the re-suspended pellet by SDS
PAGE. Peptide map fingerprinting (PMF) of proteins from SDS-PAGE gel slices was performed
using standard procedures, with treatment of the proteins with dithiothreitol and
iodoacetamide followed by trypsin digestion. Peptides eluted from the gels were purified on
ZipTip C18 columns (Millipore) and applied to a stainless steel target together with a-cyano-4-
hydroxycinnamic acid as a matrix. The peptides were analyzed in a reflectron mode using a
Shimadzu Biotech Axima Performance MALDI-TOF mass spectrometer. Calibration was done
via nearest neighbor external standards, using 8 peptides (Sigma Aldrich) with m/z from
757.4 to 3657.9. Mass lists from the individual PMF spectra were submitted to an in-house
Mascot Server PMF search engine using the NCBInr database. The taxonomy was limited to C.
variabilis and PBCV-1 virus. Additional search parameters were set to monoisotopic mass,
charge 1+, maximum of 1 missed cleavage, peptide tolerance of 0.3 m/z and p < 0.05. The
root mean square (RMS) errors on the peptide mass matches ranged from 21 — 102 ppm. As a
control, all searches were repeated using the decoy database generated by the Mascot Server
software, using the same settings. In some cases, high energy CID MS/MS sequencing of the
peptides was employed (using the same samples and instrumentation) to confirm protein
identification. The measurements were kindly performed by Robert Shoeman (MPI fiir

medizinische Forschung, Heidelberg, Germany).

4.3.6. Virus purification scheme for the proteomic study

Essentially, the virus was purified as previously described [42] with the following

modifications.
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Prior to sucrose density gradient separation, the virus-infected cell lysate was clarified by first
incubating with 1 % (v/v) NP-40 detergent at room temperature for 1 — 2 hr with constant
agitation, concentrated by centrifugation in a Beckman Type1l9 rotor at 17,000 rpm, 50 min, 4
°C. The pellet fraction was solubilized in virus storage buffer (VSB) (50 mM Tris-HCI pH 7.8),
loaded onto a 10 — 40 % (w/v) linear sucrose density gradient made up in VSB and
centrifuged in a Beckman SW28 rotor for 20 min at 20000 rpm at 4 °C. The virus band was
identified by light scattering, removed from the gradient and pelleted. The resuspended virus
was “washed” with 50 ug/ml proteinase K in VSB for 4 hr at 25 °C to disassociate and degrade
contaminating proteins. The proteinase K treated virus was layered onto a 20 — 40 % linear
gradient of iodixanol (OptiPrep™, Axis-Shield, Oslo, Norway) in VSB and centrifuged 20000
rpm in a Beckman SW28 rotor for 4 h at 25 °C for isopynic separation. The virus band was
removed by side-puncture of the centrifugation tube, diluted approximately 10 fold with VSB,
then concentrated by centrifugation in a Beckman Ti50.2 rotor at 27000 rpm for 3 hr at 4 °C.

The pellet fraction was resuspended in VSB, then filter-sterilized.

4.3.7. Whole virion proteome

Essentially, virion proteins were evaluated as described in [12]. Gradient purified, protease-
washed PBCV-1 particles were disrupted with 1 % SDS/5 mM dithiothreitol and the proteins
were separated by SDS-PAGE. The gel was comprehensively evaluated for viral proteins by
mass ion analyses of peptides eluted from trypsin-digested gel slices. MS/MS data were
processed using Masslynx software to produce peak lists for database searches with MASCOT
(Matrix Science). Database searches were done against the newly re-sequenced and annotated
PBCV-1 genome (Gen-Bank accession number JF411744.1). Protein identifications were based
on random probability scores with a minimum value of 25, the value for p < 0.05 confidence.
Approximate, relative quantitation of the proteins was determined using the exponentially
modified protein abundance index (emPAI) [40]. This method uses the number of observed
peptides compared to the number of observable peptides giving a ratio that is directly
proportional to relative abundance of the protein in the mixture when adjusted exponentially
(emPAI= 1QNobserved/Nobservable 1y ‘yy7e assumed that the major capsid protein (A430L) is present
in 1440 copies per virion for these calculations and other protein abundances were estimated

from this value.
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4.4. Results and Discussion

4.4.1. Ejection of PBCV-1 DNA from capsids

Phage DNA release is often triggered by an interaction between phage tails and host receptor.
This interaction causes the DNA to rapidly expand and the DNA catapults out of the capsid
[14]. The host receptor for virus PBCV-1 is unknown, although circumstantial evidence
suggests it is carbohydrate [33]. Still DNA release from PBCV-1 can be achieved by infecting
C. variabilis cells with a high m.o.i. (e.g. 100). Under these conditions it occurs as if the DNA
is released from the virus particle but not able to enter the host; as a consequence the particle
is dynamically catapulted away from the host cell leaving an unraveled, quasi-linear DNA
polymer tethered to the cell. In some images it is possible to see the capsid at the end of the
DNA thread projected away from the host (data not shown). The reason for the release of
DNA into the medium is not known. However we know from other studies that usually only
one virus infects the host cell, while the remaining viruses are excluded [34]. The fact that
DNA release into the medium is only apparent at very high m.o.i., suggests that most viruses
under these circumstances are not able to eject their DNA into the host because of a yet
unknown exclusion mechanism. This release of DNA into the medium must be fast, because it
is possible to detect isolated DNA molecules already within 5 min post infection. Figure
4.4.1.1 A shows a fluorescent image with a host cell and the unfolded DNA polymer from a
virus particle. The DNA dye DAPI produces bright staining of the nucleus of the Chlorella cell
in the lower right part of the figure; in the upper left part of the figure the unraveled DNA
from a virus capsid protrudes as a nearly linear structure from the cell. In the case of phages,
it has been argued that the release of the genome can be explained on the basis of Brownian
motion [35]. Such a process, however, cannot account for the observed DNA ejection from
virus PBCV-1. Brownian movement would not generate the sort of straight lines and would
also be much slower [22]. Hence, the present data stress the importance of an osmotic
pressure in the dense environment of the capsid, which creates a driving force for DNA
ejection. In this sense, PBCV-1 DNA ejection into the medium resembles that of many phage
genomes [14, 21]. The forceful ejection of DNA from the PBCV-1 particle is consistent with
the concept that PBCV-1 depends, at least to some extent, on these mechanical forces to eject

its DNA against the turgor pressure of the Chlorella host cell.
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Frequently, we observed two DNA strands under the same conditions, which projected away
from the host at a common point of origin (Figure 4.4.1.1 C). This phenomenon was not only
observed once, but in ~ 20 % of the ejected DNA molecules. Since the surface of a Chlorella
cell is ca. 500 times larger than that of a virus, it is statistically rather unlikely that two virus
particles independently infect at an m.o.i of 100 a host cell as frequently in the same spot.
Hence, it is more likely that the two DNA polymers were not from separate viruses but from a
single virus. This interpretation is supported by the electron microscopic images depicted in
Figures 4.4.1.1 E, F. These images show a C. variabilis cell with the typical hole in the wall,
which a virus digests in the course of infection. From this location, two linear structures
project away from the host in an angular fashion. The projecting structures are most likely
unfolded viral DNA because the half width of their cross section is < 10 nm. The combination
of electron microscopic and fluorescent images suggests that PBCV-1 DNA might not in all
cases enter its host initially by either of its termini. This scenario would suggest that packaging
of the DNA in the virion differs from ejection because it is unlikely that DNA packaging begins

in the middle of the genome.
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Figure 4.4.1.1: Ejection of viral DNA.

A: Fluorescence images of C. variabilis with ejected DNA molecules. The incubation medium contained C.
variabilis cells and virus PBCV-1 at an m.o.i. of ~100 plus the fluorescent DNA stain DAPI. The image shows a
Chlorella cell (cc) and the viral DNA molecule, which is propelled away from the alga cell. B: Magnification of the
area indicated by the box in A. Inset: same area as in B with conventional light microscopy and phase contrast. C:
same as in A but with two DNA bands projecting away from a Chlorella cell (cc). D: Magnification of area
indicated by box in C with loop like DNA structure. E: Electron micrograph of viral DNA projecting away from
host cell wall. The cell wall of the alga exhibits the typical hole (*), which the viruses digest for infection. From
this hole two linear structures project towards the left side. The part marked in E is magnified in F and presented
in artificial colors in order to highlight the linear structures projecting away from the cell wall hole. G:
fluorescence intensity profile along DNA molecule between arrows in B. H: Histogram of distances between

individual fluorescence maxima as in E from 30 ejected DNA molecules [49].

31



4.4.2. Virus PBCV-1 DNA has structure

Close scrutiny of the fluorescently labeled ejected PBCV-1 DNA suggests that it is structured.
The images indicate: i) a non-uniform distribution of DNA and ii) loops in the DNA polymer.
Images of ejected DNA at higher magnifications indicate that the fluorescence associated with
the DNA exhibits distinct maxima. Figure 4.4.1.1 B shows part of an enlarged fluorescent DNA
band from Figure 4.4.1.1 A. The fluorescence signal alternates between high and low
fluorescence intensity along an imaginary line (Figure 4.4.1.1 B). The locations of the
intensity maxima coincide with structures, which occasionally can be seen with phase contrast
in a light microscope (inset Figure 4.4.1.1 B). This observation implies that the non-uniform
fluorescence of DAPI staining is not caused by a preference of the dye to interact with A-T rich
regions in the DNA but instead the intensity maxima are due to local concentrations of DNA.
In regions where the fluorescence signal was well resolved the intensity maxima were quasi
periodic (Figure 4.4.1.1 G). In this example, the maxima were ca. 1.2 um apart. The distances
between fluorescence peaks measured in 30 individual ejected DNA molecules are
summarized in Figure 4.4.1.1 H. The histogram shows a broad distribution of gap sizes. The
distribution has a maximum below 1 um and possibly a second one below 3 um (Figure
4.4.1.1 H). The structured pattern seen with PBCV-1 DNA does not occur in fully ejected DNA
from phages 1 or T5; the phage DNAs fluoresce homogeneously along the axis of the extended
polymer [14, 21]. Collectively, these results suggest that the distribution of fluorescent
maxima is an inherent property of PBCV-1 DNA structure. Hence PBCV-1 DNA molecules in
the capsid are apparently organized differently than those in the two phages. The PBCV-1
DNA is most likely concentrated in a periodic fashion in submicroscopic coils. In addition to
these periodic domains of concentrated DNA, we occasionally detected another higher order
organization in the PBCV-1 DNA strands (Figures 4.4.1.1 C, D); in this case, the polymer has a
large loop on which several concentrated domains are clustered. The diameter of this loop is
approximately 600 nm; similar loops with a mean diameter of 550 = 100 were detected in
four other images. Collectively, the data suggest that PBCV-1 DNA is stored inside the capsid
in an ordered fashion. This structure includes a periodic formation of folds and on a larger
scale a formation of loop structures. These loop structures probably open up during the

ejection and are hence observed only in rare cases.
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4.4.3. Examination of PBCV-1 DNA by AFM

To obtain more information on PBCV-1 DNA structure we viewed the isolated DNA by AFM.
For these experiments, PBCV-1 particles were osmotically shocked and subsequently
transferred with the emerging content onto fresh mica for imaging. This procedure separates
proteins that are tightly bound to DNA from those that are free. Figure 4.4.4.1 A shows a
typical ruptured particle and its associated content. Higher magnification shows the emerging
DNA together with numerous particles (Figure 4.4.4.1 B, C). These particles are not observed
with pure plasmid DNA (results not shown); hence, they are specific to the virus preparation.
The particles contain proteins because the particles disappear in the AFM images after treating
the preparation for 1 min at 37 °C with protease K (1 mg/ml) (Figure 4.4.4.1 D). This
interpretation is supported by the fact that PBCV-1 virions contain many basic proteins (see
below). Association of DNA with proteins was reported in a previous AFM study on ruptured
PBCV-1 particles [36]. The association of proteins with the DNA is not random. For example,
in the Figure 4.4.4.1 C image DNA occupies, 5 % of the total image area but 50 % of the
proteins are directly associated with the DNA molecule. A similar bias of DNA and proteins
occurred in other images analyzed in the same manner. The intimate association between
DNA and proteins is also supported by force measurements. When a protein particle was
pulled from the surface with the cantilever, the force was about 100 times higher for particles
associated with DNA than for free particles. A comparison between images of PBCV-1 DNA
shows that proteins associated with DNA in AFM images produce a different periodic pattern
than the fluorescence images. The reason for this difference in DNA/protein association is
probably related to the isolation method. The image in Figure 4.4.4.1 B suggests that the
osmotic shock method results in a more violent and unorganized release of DNA from the
virus capsid than does the ejection method. Consequently, the osmotic forces probably disrupt
the more delicate DNA structure. This is consistent with the observation that the typical
periodic structure of DAPI-labeled DNA, as in Figure 4.4.1.1, disappears when the DNA is
released by an osmotic shock as in Figure 4.4.4.1 (data not shown). To estimate the size of the
proteins associated with PBCV-1 DNA, we imaged the volume of a large number of DNA
associated protein particles (Figure 4.4.4.1 C, F); this is possible because molecular volumes
correlate with the molecular mass of proteins [37, 48]. This aspect was examined in previous
experiments with different proteins. Concluding, the higher the molecular mass the higher the

volume (data not shown).
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Measurements were first made on the 66 kDa bovine serum albumin (BSA) protein (Figure
4.4.4.1 E) and a recombinantly expressed 69 kDa putative PBCV-1 DNA-binding protein (CDS
A278L) to calibrate the system (Figure 4.4.4.1 G). The estimated volumes of the BSA and
A278L proteins were 57.6 = 0.13 nm® (435 measurements) and 66.4 = 0.09 nm?® (652
measurements), respectively. Measurements of 711 randomly chosen protein particles
associated with the disrupted virus produced a mean volume of 60.3 = 0.09 nm®. These
experiments suggest that the PBCV-1 DNA particles are associated with a protein(s) in the
range of ca. 60 kDa. The resolution of the images does not allow one to distinguish between
monomers of a 60 kDa protein or multimers of smaller proteins. To estimate the ratio of
proteins that are associated with DNA from the virus particles, we measured the length of the
DNA molecule versus the number of total proteins in 5 images (e.g. Figure 4.4.4.1 B). For this
analysis we considered all spherical particles that exceeded background noise by a factor .2
irrespective of whether they were free or associated with DNA. This analysis produced a
number of 0.018 = 0.005 proteins per nm of DNA, which translates into one protein per 55
nm of DNA. This number implies that the entire DNA from a PBCV-1 virion, which is 100 um
long in its extended form, should be associated with > 2000 proteins. This is an absolute
minimum estimate because some proteins are probably lost during the preparation of the DNA

and small proteins are masked by background noise.

4.4.4. PBCV-1 DNA-binding proteins

Taken together, the results from the two preceding sets of experiments suggest that PBCV-1
DNA is packaged differently than phages and it is probably associated with proteins. Even
though PBCV-1 does not contain canonical histones, an association of DNA with proteins is
supported by the analysis of the proteins packaged in a related chlorovirus CVK2 [32]. This
study reported that the virions contain 7 DNA-binding proteins of which 3, with estimated
molecular weights of 63, 42 and 25 kDa, had high affinity for the viral DNA. To extend this
previous study to PBCV 1, viral DNA was released by osmotic shock and the DNA with
associated proteins was separated from soluble proteins by centrifugation according to [38].
This procedure led to about a 30-fold concentration of DNA in the pellet fraction. The pellet
with the DNA and DNA-associated proteins was re-suspended in buffer containing DNAse,
incubated for 1 h, and the samples were electrophoresed on SDS-polyacrylamide gels. Several

prominent protein bands were detected (Figure 4.4.4.2).
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The 6 most prominent protein bands were excised from the gel and subjected to PMF using
trypsin. The peptides were analyzed by MALDI-TOF and matches to PBCV-1 proteins were

identified with Mascot Server software.

4 nm

0 nm

Figure 4.4.4.1: AFM images of viral DNA and associated proteins, which were isolated by osmotic shock.
Scan of single PBCV-1 particles after osmotic shock in a height image A and in amplitude image B. The images
reveal emerging DNA and protein particles from the disrupted virus. Magnification of DNA from disrupted virus
with protein particles C. Proteins are absent after the sample was treated with proteinase K D. 3 dimensional
image of individual BSA protein E and of individual purified 70 kDa PBCV-1 protein A278L. The latter is a
putative DNA-binding protein coded by virus PBCV-1. Scale bars 100 nm in A — D and 2 nm in E and F [49].
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All database searches were also performed against the Mascot Server automatic decoy
database. The latter generates a random set of sequences with the same amino acid
composition as the authentic database entries. The searches with the decoy database were
negative (no significant matches), except for the search with the peptide mass list that
identified CDS A523R. In this search, A523R (19 kDa) was the single match with a protein
score of 122 (cutoff of 43) (expect value of 6.7 e'% and one match in the decoy database
occurred with a protein score of 48 (cutoff of 43). From the spectra, 9 viral proteins were
identified with a significance of p < 0.05 (Table 4.4.4.1). Among these nine proteins, there
are two abundant PBCV-1 capsid proteins (CDSs A430L and A140/145R), which almost
always occur as contaminates when fractionating PBCV-1 proteins; they were eliminated as

important DNA-binding candidates.
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Figure 4.4.4.2: SDS-PAGE pattern of proteins associated with PBCV- 1 DNA.

DNA was released from capsids by osmotic shock and separated from soluble proteins by centrifugation. The
DNA-containing pellet was treated with DNase to release DNA-bound proteins. The framed bands were excised
and used for MALDI TOF analysis [49]. Lane 1: weight marker, molecular weight in kDa, lane 2: proteins

obtained after DNAse treatment.
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Of the remaining 7 proteins, 6 have high isoelectric points, which are well suited for binding
and neutralizing DNA. A bioinformatics prediction of DNA-binding sites in these proteins
revealed several putative interactive sites between the proteins and DNA (Table 4.4.4.1).
These experimental results are consistent with the finding that the PBCV-1 virion contains
many basic proteins which are suitable for binding/neutralizing the viral DNA and which are
associated with the DNA, even after isolation. Of these 6 possible PBCV-1 DNA-binding
proteins, two have molecular weights of 70 kDa [A278L (69 kDa) and A282L (63 kDa)]. In
addition, a dimer of A284L (60 kDa) and a trimer or tetramer of A523R (57 or 78 kDa) could
produce a protein of 70 kDa. It is interesting, that both A278L and A282L have protein kinase
activity [47]. Also, one of the virus DNA-binding proteins identified by [32] had protein
kinase activity. This putative dual function of the DNA-binding proteins is interesting in the
context of small proteins from Baculoviridae, which bind and dissociate from the viral DNA
depending on their phosphorylation state [39]. The inherent kinase activity of the putative
DNA-binding proteins in the chloroviruses could have a similar regulatory importance for DNA
condensation. In a separate experiment, we determined the proteome of the entire virus
particle [46] and estimated the most abundant proteins in the particle using the exponentially
modified protein abundance index (emPAI) algorithm [40]. Based on the assumption that the
major capsid protein (A430L) is present in 1440 copies per virion, we estimated the
abundances of the major proteins in the virion (Table 4.4.4.1). The data show that some of
the proteins are present with copy numbers in the range of several hundreds up to 2000.
Interesting to note is, that some of the most abundant proteins again are very basic; some of
these abundant proteins were also detected in association with the DNA, including A278L,
A282L, A284L and A523R (Table 4.4.4.1). In addition, one host encoded histone-like protein

was detected in the virion that appears to be present in low amounts.
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Table 4.4.4.1: Identification of DNA-binding proteins and most abundant proteins in PBCV-1 virion from

MALDI-TOF PMF analysis.

EmPAI Exponentially- Copy number % DNA
ORFs modified per virion MW/kbDa binding

protein abundance index

IP/pH annotation

SWI/SNF-related matrix-associated

A548L 0.06 7 57.4 19 9.5 | actin-dependent regulator of chromatin
subfamily A member 5

A189/192R 0.5 55 143.6 39 11.4 | Chromosome remodelling complex

A561L 1.44 159 71 n.d. 9.9 | unknown

A363R 2.01 222 128.4 36 10.9 | Similar to D6/D11-like helicase

A284L 2.41 266 30.8 20 9.2 | Choloylglycine hydrolase

A035L 2.48 273 65.6 n.d. 8.9 | unknown

A565R 2.49 275 73.2 n.d. 7.3 | unknown

A140/145R 3 331 120.9 35 11 | Located at the unique vertex of the virus particle

Protein kinase domain/PBCV-1
specific basic adaptordomain

Protein kinase domain/PBCV-1

A278L 3.6 397 69.2 36 10.8

A282L 4.83 533 63.4 35 10.8 . . .

specific basic adaptor domain
A430L 13.06 1440 48.2 48 7.5 | Large eukaryotic DNA virus major capsid protein
A437L 19.75 2178 10.9 n.d. 11 | Non-histone chromosomal protein MC1

The table lists (in bold) the PBCV-1 CDSs from which peptides were detected in MALDI-TOF spectra. The
peptides correspond to DNA associated proteins described in Figure 4.4.4.2. Only database entries with a protein
score with a significance p < 0.05 are presented. The identity of the A278L protein was confirmed by the MS/MS
sequencing of 3 peptides. Also included are the copy numbers per virion of the most abundant proteins in PBCV-
1 virion. The copy numbers were estimated using the exponentially modified protein abundance index (emPAI)
algorithm [40]. Based on the knowledge that the major capsid protein (A430L) is present in 1440 copies per
virion, we calculated the abundances of the major proteins in the virion. For these proteins, parameters such as
the molecular weight (MW), the isoelectric point (IP) and the functional annotation from the Greengene
database) are provided. Putative DNA-binding sites were further identified by the BindN algorithm. The data are

presented as percentage of putative DNA-binding sites relative to total protein (% DNA-binding) [49].

4.4.5. Identification of potential protein binding domains in PBCV-1 DNA

The periodic pattern of isolated DNA bands reported in Figure 4.4.1.1 prompted us to develop
a Fast-Fourier-Transformation (FFT) protocol in order to identify potential periodicities of
binding motifs in the PBCV-1 sequence. We chose the Hamming distance with respect to a
given motif and averaged over all motifs of a given length. This procedure revealed Fourier
components spanning lengths of 9935 bp, 2138 bp, and 17020 bp that were the three major
contributors to the Fourier series expansion of the Hamming distance data set (Figure
4.4.5.1). These periodic bp patterns translate into distances of 3.2 um, 0.7 um and 5.4 pum.
Hence, the PBCV-1 genome exhibits a pattern, which roughly resembles the distribution of

fluorescence maxima along the isolated DNA polymer.
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The most frequent spanning lengths of 2138 bp and 9935 bp coincides with the two maxima
in the distribution of the gaps between fluorescent maxima below 1 and 3 mm (Figure
4.4.5.1). The fact that the measured amplitudes at corresponding frequencies between
fluorescent maxima does not correlate with the calculated frequency of spanning length
distances between putative binding motives in the genome, may suggest that the different
motives have different binding affinities or binding specificity for DNA-binding proteins
(Figure 4.4.5.1). According to the distribution of Fourier-amplitudes (Bioinformatics Analysis
S1), the most pronounced sequence motifs are significantly distant from a random, average
sequence motif. We note that the results were similar using six and eight bp-size motifs, thus
robust under motif length change. This protocol has an additional advantage because it can
conceptually reveal periodicities of much larger motifs; e.g., consider the simple case of two
motifs separated by some variable genomic region. Separately, these two motifs would each
exhibit the same periodicity. If we analyze the data averaged over all motifs, however, we also
reveal the “synchronization” of the motifs along the chain and therefore the correlated
periodicity. To verify our results and to demonstrate the robustness of our protocol, we
repeated the analysis using a strict criterion: an exact match between the motif without
wildcard characters and the genomic fragment. As mentioned in the Materials and Methods
section, this method is not as sensitive with smaller motifs; therefore, we restricted our motif
length to six bps. We then repeated the FFT on this data set using the strict criterion. The
experiment produced conclusive results with inverse frequencies of 9571 bp, 17300 bp and
16801 bp; in addition, we also obtained a signal at 6835 bp. Details on the procedure and on
the most important motifs for the Hamming distance FFT are listed in Bioinformatics Analysis
S1. Interestingly, all possible CG-combinations contributed to a large extent, while those with
A or T nucleotides were less significant, that is periodic. The data also show that there is a
large ratio of the FFT-coefficients, thus indicating the significant different pattern of

periodicity of CG- vs. “some-AT”-regions.
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Figure 4.4.5.1: Histogram of the leading inverse Fourier-frequency (in bp) for all sequence motifs of
length eight (round symbols). The most pronounced peaks occur at 9935 bp, 2138 bp, and 17020 bp. For
comparison we also illustrate the distribution (grey bars) of distances between individual fluorescence maxima

from Figure 4.4.1.1 H. We assume that 1 kb DNA is in the extended form 0.323 um long [49].

4.5. Conclusion

The present results suggest that chlorovirus PBCV-1, like their eukaryotic hosts, neutralize
their DNA with DNA-binding proteins. The data are consistent with a model in which the viral
genome has an inherent pattern with periodically spaced GC rich regions, which provide
interactive sites for DNA-binding proteins. DNA is presumably wound around the respective
basic proteins for neutralization and packaging. The interaction results in the isolated DNA
containing periodic thickenings; a higher order of organization may also involve small loops,
which contribute to packaging DNA and/or gene regulation. The robust aggregation of the
DNA with proteins also favors a stable structure for the virus DNA when it is ejected into the

cytosol of the host, where the cation concentration is reduced [11].
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The current results do not distinguish if this organization of DNA is contributing to the
neutralization of the entire DNA polymer or if it is just a component of its meta-organization
with the goal to achieve a crystalline-like or ordered structure inside the virion. The data
however, indicate that the Chlorella viruses and possibly other large DNA viruses have
developed a DNA packaging strategy, which involves proteins and hence shares similarities to

that of chromatin in eukaryotes.
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5. Chapter 4 - The putative DNA binding protein A278L aggregates DNA

5.1. Abstract

DNA aggregation is from a thermodynamic point of view an elaborate process due to the size
and the charge of the DNA molecule. To guarantee a successful packaging of dsDNA genomes,
a variety of different processes have developed throughout evolution. In case of the Chlorella
virus, PBCV-1, it is not yet fully understood how this virus can condensate a ca. 100 um long
dsDNA genome in a particle with a diameter of less than 200 nm. In previous experiments
only small amounts of molecules with a neutralizing potential, such as polyamines and cations
were found in the virus particle, rendering an exclusive neutralization by small molecules
unlikely. Proteomic studies of the PBCV-1 particle revealed the abundant presence of small
cationic proteins, which resemble in their physical properties DNA binding proteins. This
suggests that one of these putative DNA binding proteins is coded by ORF A278L. When the
recombinantly expressed and purified A278L protein was incubated with viral DNA the
protein caused a higher degree of density of viral DNA than the neutral protein BSA. These
data indicate an interaction between the A278L proteins and viral DNA. These results were
supported by AFM force measurements. The force, which is required to pull a native viral
protein from the DNA is in the same range as that used to pull the recombinant A278L protein
from the viral DNA. These forces, which are in the range of nN are specific for a protein/DNA
interaction because a several orders of magnitude lower force is required to lift the
recombinant A278L protein from the mica surface. The results of these experiments imply that
DNA associated proteins are in the virus PBCV-1 involved in DNA aggregation; they may
favour the organisation of the DNA in the viral capsid and contribute to the neutralization of

the DNA polymer.

5.2. Introduction

A tight packaging of long DNA molecules poses a large energetic barrier due to the necessary
bending of the stiff double helix and electrostatic repulsion of the negatively charged DNA

phosphates.
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Throughout evolution different proteins evolved which interact with DNA and which help to
overcome these energetic obstacles [13]. Eukaryotes for example use specific DNA associated
proteins, which are responsible for DNA condensation. The most common DNA binding
proteins are histones [14]. They are characterized by their small size and their physical
properties; e.g. a high isoelectric point (IP) and a high content of positively charged amino
acids. This composition causes a high ionic attraction to the negatively charged phosphate
groups and guarantees its compensation. In eukaryotes the 14 histone-DNA contacts on the
nucleosome involve mainly the sugar—-phosphate backbone of the DNA.

The nucleosome might be considered as a cylindrical protein disk that is wrapped by 146 bp of
DNA in ~ 1.7 superhelical turns, and functions as a large, loaded spring that is held in place
by contacts with the histone octamer. The binding energy between DNA and protein is

approximately 59 kJ/mol; each histone-DNA contact provides ~ 4.2 kJ/mol of energy [10].

Also, large dsDNA viruses are able to store their genome with a high density in a small volume
of a virus particle [11]. The mechanism with which they package their DNA at this high
density is not yet understood [11] In the context to the aforementioned situation in
eukaryotes it is interesting to note, that the large dsDNA virus PBCV-1 contains in its virion a
large number of proteins [15]. If some of these viral proteins associate with the DNA and if
they have a histone like function e.g. if they bind and condensate DNA it should be possible to
measure the adhesion energies of these proteins with the DNA. It has already been mentioned
that several ORFs from virus PBCV-1 encode for proteins with physical properties suitable for
DNA binding [11]. One putative DNA-binding protein, A278L was heterologously expressed in
E. coli and purified; the purified protein was then used to examine its binding to isolated viral

DNA.

As a method of choice for analyzing protein/DNA interactions we employed Atomic force
microscopy (AFM). This sensitive technique is a useful tool for visualising single molecules
and for measuring binding forces between molecules [16]. A molecule of choice, in this case
the protein, can be attached via a gold-thiol interaction to the tip of an AFM probe upon
physical contact. The binding of the protein to the tip of the cantilever is in the order of 100
kJ/mol. This strong binding guarantees that the protein remains attached to the tip of the

cantilever when it is retracted from its position on the mica surface or from the DNA [9].
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If the protein is interacting with DNA a specific force will be required to lift the protein away
from the DNA. The precise strength of the DNA/protein interaction is given by the maximal

force, which is measured before the complex ruptures.

In the present study, we analyzed the interaction between the recombinant A278L protein and
isolated viral DNA with the AFM method. The data show that the viral protein binds to the
DNA with a strength that is 2 orders of magnitude stronger than its binding to the mica
surface. Hence, the small cationic protein has the hallmarks of a DNA binding protein and may

serve in the virus particle for DNA condensation.

5.3. Material and Methods

5.3.1. Amplification and ligation of the gene construct A278L

The gene fragment of the putative viral DNA binding protein was amplified using ligation-
independent cloning (LIC) of PCR products containing LIC overlaps. The sense primer was:
CAAGGACCGAGCAGCCCCTCCATBTCAACGACACCTGAGAGA and the anti-sense primer was:
ACCACGGGGAACCAACCCTTATTATACCGCTTTTGGTGTGAATAG. Due to the higher GC
content of the LIC overlabs a two step-PCR was performed. The PCR product was purified and
digested with T4-DNA-Polymerase, generating sticky ends. The vector was linearized with
Sma I and treated with T4-DNA-Polymerase. The product was directly cloned into a vector,
which contains a complementary LIC cassette [1, 2]. In addition the pET-based LIC vector also
encodes a human Rhinovirus protease cleavage site (HRV3C) followed by a C-terminal

Maltose-binding protein and a His6-tag (Dan Minor, UCSF, San Francisco, USA).

5.3.2. Overexpression of protein A278L

Two different cell strains of Escherichia coli were used. XL1-blue competent cells were used for
screening. BL21 (DE3) pLysS candidates were used for expression optimization and protein
production. The modified E. coli BL21 (DE3) pLysS cultures were grown in 500 ml Luria-
Bertani (LB) media at 37 °C until the cell reached the logarithmic growth phase (ODggo nm 0.5
-0.8.).
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Induction was done under sterile conditions at 37 °C using 1 mM IPTG (Isopropyl-p-D-
thiogalactopyranosid). After 24 h of growth post-induction, the cells were centrifuged (2 min.
at 13000 rpm) and the pellet was resuspended in 100 mL of 500 mM NaCl, 30mM Hepes, 10
% Glycerol, pH 7.5 salt solution. For examination of a successful expression of the protein, the
samples were subjected to a SDS-PAGE according to Laemmli and a Western-blot analysis [3,
4]. All samples were mixed 1:1 with 2 x protein loading buffer (20 mM Tris—HCI [pH 8.0], 2
% SDS, 100 mM DTT, 20 % Glycerol, 0.016 % Bromphenol Blue), disrupted by boiling for 5
min and separated in 12 % SDS-PAGE by electrophoresis. Staining was performed with
Coomassie brilliant blue R-250 (Sigma-Aldrich, USA). For immunoblotting, proteins were
transferred from the gel to a PVDF (polyvinylidene-fluoride) membrane by semi-dry transfer.
After blocking with 5 % non-fat dry milk, a mouse anti-His-tag antibody was used as the
primary antibody to detect the heterologously expressed protein in the samples.

The secondary antibody was an alkaline phosphatase-conjugated goat anti-mouse
immunoglobulin G (IgG) antibody. All the samples were observed by developing with
NBT/BCIP solution.

5.3.3. Purification of protein A278L

The successive use of a sonic lance enables the isolation of the viral proteins. Solubilized
proteins were separated from insoluble material by ultracentrifugation for 45 min. at 55000
rpm at 4 °C in an ultracentrifuge (Beckman L7 - 65). Following recovery, the supernatant was
sterile filtered and brought to a pre-equilibrated Ni-NTA-column. The protein-bound column
was washed with the appropriate salt solution containing 30 mM imidazole. Samples were
eluted with the same buffer containing 300 mM imidazole. After a successful production of
protein, which was examined by SDS-PAGE, the sample was brought to an amylose-column to
separate the maltose-binding protein and the candidate protein A278L. The flow through was
collected and the volume was reduced to a total volume of 250 ul using a spin column. The
protein concentration was determined by absorbance at 280 nm [4]. The subsequent size

exclusion chromatography was kindly done by Marco Lolicato (University of Milan, Italy).

5.3.4. Viral DNA isolation

Viruses were isolated as described previously [5].
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5.3.5. Force measurement using an AFM

In this study the AFM-method (JPK, NanoWizard ®) was used to image and quantify the
interaction between proteins and DNA [6]. For topographical images with high resolution,
samples were scanned with a small probe (cantilever) at a distance where cantilever and
sample are in physical contact. The cantilever has on one edge a sharp tip with a radius of
approximately < 10 nm. This cantilever tip is moved by a piezo crystal with a desired
frequency. A double gold-coated, tetrahedral cantilever with a resonance frequency of
approximately 21 kHz and a spring constant of 0.011 N/m (APPNANO, HYDRA2R100NGG)
was used for the topographical overview scan as well as for the subsequent force
measurements.

Any deflection of the cantilever, which is caused by obstacles (i.e. molecules) during the
scanning process is sensed with a laser beam, which is reflected from the cantilevers back onto
a position-sensitive detector. Hence, any deviation of the laser beam position corresponds to a
deflection of the cantilever. This in turn, can be translated into the physical size of the
investigated structure and also provides information on adherent forces between object and
cantilever tip.

Heterologously expressed and purified A278L protein was diluted in buffer (500 mM NaCl,
30mM Hepes, 10 % Glycerol, pH 7.5) to a final concentration of 100 nM and then incubated
under physiological conditions (22 °C, 30 min) with freshly isolated DNA (1 ng/ul) [7, 8].
Further, also the DNA of osmotically shocked PBCV-1 was analyzed. Two ml of DNA-protein
solution were transferred onto a smooth mica surface, which provides plain physical qualities.
The measurement was performed in aqueous conditions. The gold coated tip of the cantilever
was brought close to the mica surface with a contact to the region of interest. By approaching

the target structure, the tip applied a force of 50 nN on the surface.

5.4. Results and Discussion

5.4.1. Synthesis of DNA binding protein

The putative DNA-binding protein A278L has physicochemical properties which are similar to

histones; it has a small size and a cationic isoelectric point.
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Therefore, it seems interesting to analyse the binding properties of the protein to DNA by
AFM. The protein was therefore heterologously expressed in E. coli and purified on a Ni-NTA
column (Figure 5.4.1). The His6-tag and the maltose-binding protein (MBP) were removed
and separated via an amylose-column. Further impurities were removed by size exclusion
chromatography. The volume and the diameter of the protein were analyzed and compared
with BSA; a protein which resembles A278L in size and volume, but not in its physical

properties; BSA has a IP of 5.64).

uncut cut
160 kDa

110 kDa
80 kDa . A278L

60 kDa

50 kDa MBP
40 kDa

Figure 5.4.1: SDS-PAGE pattern of protein putative DNA binding protein A278L.

The A278L protein was heterologously expressed in E. coli and purified on a Ni-NTA column. The His6-tag and
the maltose-binding protein (MBP) were removed. The successful protein expression of the protein with His6-tag
and MBP (un-cut) and after removal of tags (cut) was examined by a SDS-PAGE. A clear band at 69 kDA is
detectable which corresponds to the molecular weight of A278L. Lane 1: weight marker, molecular weight in

kDa, lane 2: uncut protein, lane 3: cut protein

The highly purified protein was used for further imaging and force measurements by AFM.
Under physiological conditions it was possible to determine the binding affinity of the protein

to DNA.
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5.4.2. A278L aggregates DNA

Topographical AFM scans were performed with DNA in the absence and presence of either
A278L or BSA. Figures 5.4.2 A and B show representative images of viral DNA in the presence
of the protein A278L or BSA.

Inspection of many scans implies that the DNA appears more aggregated in the presence of
the viral protein than in its absence. We assume that the viral protein leads to a higher degree
of condensation due to the higher content of positively charged amino acids.

These are able to bind to the negatively charged phosphate backbone and induce an unspecific
packaging. In the topographical AFM overview scans it is recognizable that the recombinant
protein A278L, in comparison to BSA, revealed in a qualitatively way, a higher degree of
condensation. To quantify the qualitative impression we analyzed standard size areas around
DNA molecules by measuring gray values in the selected image sections. Since the gray value
of DNA is higher than the background in these images, the value is low when the DNA is not

aggregated and high when the DNA is aggregated.

Figure 5.4.2 shows the selection of square fields of interest around DNA molecules; the fields
where placed is such a way that the DNA was filling the diagonal of the filed of interest. This
procedure favours the comparability of different images. For a quantitative analysis 35
randomly selected DNA molecules with and without A278L protein were selected and
analyzed as described. The data in Figure 5.4.2 C show that the putative DNA-binding protein

A278L yields, according to this analysis, indeed in a higher degree of condensation.
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Figure 5.4.2: Degree of DNA condensation visualized in topographical images of DNA-protein complexes.

The degree of aggregation increases with the measured gray values. The genomic condensation behaves in a
proportional way to the gray value. The higher the condensation, the higher the gray value. A: After adding the
viral protein A278L, the DNA seems to aggregate in a higher fashion which is not seen in the presence of BSA

(B). C: The aggregation with the putative DNA-binding protein A278L is twice that high.

Collectively, the results of these experiments suggest that the small cationic protein A278L
from virus PBCV-1 is indeed a DNA binding protein. This binding favours the condensation of
the DNA. The presence of the protein in the virus particle, can in this way contribute to the
packaging of the DNA in the virus capsid. To examine the mode of interaction between DNA

and A278L further, we performed force measurements using the AFM method.
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5.4.3. Viral particles are associated with the DNA

The curvature radius of the AFM tip is below 10 nm, which makes it easy to bring the tip in
contact with proteins. Upon contact the gold surface of the AFM tip interacts with the thiol
groups of the target protein and thereby forms a stable bond. In case, that the target protein
binds DNA, the protein can be pulled away from the DNA by retracting the AFM tip. The
rupturing of the protein/DNA interaction can be measured by the AFM and the force value
required to pull protein and DNA apart is an indirect measure for the forces with which DNA

and protein interact.

In the present experiments, we used synthesized protein A278L and isolated proteins from the
virus particles with a radius of approximately 10 nm. This size is sufficiently large to

guarantee a binding between tip and protein.

Figure 5.4.3 shows the average binding affinity of particles, which are associated to the DNA.
The complex of viral DNA with proteins was isolated by the osmotic shock method [11]. The
isolated viral DNA revealed repetitive structures, which seem to be attached to the DNA. To
estimate the strength of DNA/protein interaction, we used AFM-force measurements. Figure
5.4.3 shows trace (red) and retrace (blue) curves obtained in force spectroscopy
measurements. The trace curve reflects the approaching of the AFM tip on the target protein
and the retrace curve shows the force required to pull the tip plus associated protein away
from the probe. The increase in energy required to retract the tip from the probe reflects the
breakage of the protein/DNA interaction.

Similar binding forces were measured in experiments performed with the protein particles

associated with DNA. The maximal force recorded in this experiment was 60 nN.
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Figure 5.4.3: Force-distance curve of a protein, which is associated with viral DNA.

Following an osmotic shock, viral particle released DNA and proteins. The AFM image on the upper right shows
DNA fragments (DNA) with proteins (P) (Inset scale bar: 500 nm). The proteins are either associated with the
DNA or free. The binding forces between a protein and the DNA (marked by X) were analyzed by force
measurement experiments. The AFM cantilever was therefore advanced on the target structure until the tip
generated a force of 50 nN. By retracting the tip, two unfolding processes were detected (dashed arrow, arrow).

The relaxation of the force is probably to the breaking up of the protein/DNA interaction).

Interestingly, in Figure 5.4.3 in both spectra an adhesion of the tip is detectable. The increase
of the force in the trace curve (red) is due the pulling effect of the particle.

By getting in contact with the sample, the attractive forces of the overlapping van der waals
forces yield to a snap in effect of the tip to the surface which results in a shift of the measured

force.
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This artefact was measured in all spectra and does not play a major role in the following force
curves. In comparison, in the retrace curve it is visualized that by retracting the tip, the
binding between protein and DNA breaks, which results in a measured force of 60 nN. The
curve revealed a characteristic kinetic. The progression of the curve shows a shoulder followed
by a steep part of the curve (Figure 5.4.3 arrow). We assume that these enfolding events are
due to the breakage of the protein/DNA complex. The steep event at the backmost part of the
retrace curve is interpreted as a rapid enfolding event of the protein by breaking a binding

between protein and DNA (Figure 5.4.3, arrow).

5.4.4. The viral particles bind DNA in a specific fashion

It has been mentioned above that the un-binding between protein and DNA shows a complex
kinetic. After pulling the tip away from the probe the force reaches a maximum at a distance
of ca. 20 to 50 nm from the probe. This maximum force value can be interpreted as the
binding force for protein and DNA. The average force value, estimated from Figure 5.4.4, is 64
nN. After passing this force maximum the retrace curve relaxes in the same fashion before the
force rapidly jumps to the zero line (Figure 5.4.4). The reason for this complex curve remains
rather unknown. However, it is reasonable to assume that the retrace curve, after an initial
first breaking of protein/DNA binding, shows some further enfolding of the protein/DNA
aggregate. The final jump with a mean value of 7 nN may then reflect a second binding

between DNA and protein.
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Figure 5.4.4: Force-distance curves from protein/DNA interactions.

Force distance curves were recorded as in Figure 5.4.3 for 12 individual proteins in direct contact with DNA. All
force spectra show the same kinetics. The force relaxes over a distance of >100 nm in a complex fashion after
passing an initial maximum (1); in a final step the force drops to zero (2). The mean maximal force measured at

the onset of the relaxation is 64 nN; the mean force of the final relaxation is 7 nN.

We assume that the protein binds to DNA in a more intensive fashion. In addition to the two
breakages of the complex (Figure 5.4.4, 1.2), we conclude that the DNA is twice wrapped
around the protein. By pulling with the tip at the aggregate, the binding breaks and the

protein dissociates from the DNA.

5.4.5. The viral protein A278L binds DNA in the same order

To determine whether the putative DNA binding protein A278L is indeed binding DNA, we
examined the interaction of the recombinant A278L protein with DNA. The experiments were
done under the same conditions as those reported before on the interaction between viral
DNA and viral proteins. Thereby, it is possible to compare the data also on a quantitative level.
Figure 5.4.5.1 shows a typical experiment in which we incubated viral DNA and the purified
A278L protein together. In AFM images, it is possible to find single proteins, which
spontaneously associate with the DNA polymer. To measure the force of protein/DNA
association, we advanced the AFM cantilever until the tip applied a force of 50 nN. The
average retrace curve of these experiments is blotted in Figure 5.4.5.1. In 8 experiments a
mean maximal force of 22 nN was measured in case of the protein/DNA aggregate (dashed

line). This force reflects the interaction between protein and DNA.
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Interestingly, the force spectrum reveals an abrupt jump to the zero line. Worth noting is, that
the retrace curve shows in the case of the A278L protein, a much more simple kinetic, than
that recorded with native viral protein. The single jump in the retrace curve measured with

the A278L protein implies a single binding interaction between protein and DNA.
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Figure 5.4.5.1: Force-distance curve for the purified viral protein A278L in association with viral DNA.

The AFM image shows isolated viral DNA incubated together with purified A278L proteins. The X marks the
position of a protein in contact with the DNA (Inset scale bar: 500 nm). A force-distance curve was done as in
Figure 5.4.3 with the cantilever tip targeted to the bare mica (green curve) or to the protein marked (orange
curve). The average retracting forces from the mica are very small (0.27 nN) and negligible. When the cantilever
was retracted from the protein, an additional force occurred which relaxed abruptly at about 22 nN. The dashed
line shows the measured mean maximal force of n: 8 measurements. This force is proportional to the interaction
between DNA and protein. Only the retrace curves are blotted. An oscillation on the force trace is probably an

artefact due to external noise.

Another difference is the flickering event after the tip approached the surface. We assume that
this is supposed to be an artefact due to external noise, which does not correlate to the
binding affinity of the protein. Concluding, the curvature shows a different kinetic. But the
artificial viral protein bind DNA in the same range as the isolated particle does. A mean force

of approximately 22 nN was analyzed.
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The data show, that the A278L protein is binding to DNA; the strength of binding is in the
same order of magnitude, albeit smaller than that recorded with the association of the viral
structures and DNA. In order to test if the binding of the protein to the DNA is specific we
tested in the next step the forces, which are required to pull a purified A278L protein from
mica surface. Figure 5.4.5.2 shows the average retract traces of experiments in which the
cantilever was pushed against isolated viral structures (blue) and protein/DNA complexes
(orange). Further, measurements were performed against mica surface (green), or against a
protein on mica surface (purple). The retrace curves recorded under the two conditions (mica,
A278L — DNA) show no appreciable forces. This implies that the tip of the cantilever does not
bind to the mica surface. The data also show, that the isolated proteins can be lifted from the
mica without a large force. This implies that the protein is not interacting with the surface.
The data further underscore, that the forces measured with proteins in contact with DNA are
indeed reporting the interaction between DNA and protein. The dashed line in Figure 5.4.5.2
shows the measured mean maximal force of n = 8 in case of the protein/DNA complex and n:

12 in case of the viral structures.

58



A278L + DNA
——A278L - DNA
——DMica
—Particle

height [um]

I I
0.10

-0.05 0.15 0.20

20 e e N e e e e e e e T = = - ———— _I
.40 -
B0 o e e e e e e o e e o ———

.80 —
-100 -

-120 =

140 —

vertical deflection [nN]

Figure 5.4.5.2: Force-distance curves of different aggregates.

Comparison of average force-distance curves for different targets. The AFM cantilever was targeted as in Figure
5.4.3 either to the mica surface (green), to a DNA/A278L protein complex (orange) to a single A278L protein
detached from DNA (purple) or to a native viral protein attached to DNA (blue). The dashed line shows the
measured mean maximal force of n = 8 in case of the protein/DNA complex and n = 12 in case of the viral

structures.

5.5. Conclusion

The present results suggest that chlorovirus PBCV-1 neutralizes and structures its DNA with
DNA-binding proteins. The data support the hypothesis that PBCV-1 presumably encodes
small cationic proteins, which have a high affinity for the negatively charged DNA and which
contribute with this to the neutralization of the viral genome. We found in the genome of
PBCV-1 one ORF, A278L, which presents an interesting candidate for DNA binding. The gene
product is small, strongly cationic and present at a high copy number in the virus particle
[11]. We found in a qualitatively assay that the recombinant protein A278L causes a
condensation of the viral DNA, which is twice as much as what the neutral protein BSA
generates in DNA condensation. AFM force spectroscopic measurements reveal that the viral

proteins are tightly associated with the viral DNA.
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Proteins, which are associated with the isolated viral DNA, exhibit on average a binding force
of 64 + 23 nN with the DNA. Also the putative DNA-binding protein A278L interacts with the
DNA; for recombinant A278L an average interaction force of 22 = 3 nN with viral DNA was
recorded. These protein/DNA interactions are specific because the viral protein binds to the
DNA with a strength that is two orders of magnitude stronger than its binding to the mica
surface. Also, the aforementioned high forces were not detected in case of individual proteins,
which were in the preparation not directly associated with the DNA. In the latter case a mean
force of 70 pN was required to detach a native isolated protein of the recombinant A278L
protein from the mica surface. This force is in the range of values (44 pN to 277 pN [12])
reported for the typical rupture force of single proteins e.g. lysozyme, ferritin, bovine serum
albumin and myoglobin, which are not specifically connected to a substrate. In case of specific
interactions, e.g. for protein/protein aggregation of avidin/biotin, the rupture force goes up to
20 nN [16]. These values are in the same range as those measured here for the protein/DNA
interaction. The comparison with published data supports the view that the viral proteins bind
tightly to the viral DNA. This binding may contribute to the packaging of the DNA in the small

viral particle by neutralizing negative charges and by organizing the DNA inside the particle.
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6. Summery

DNA condensation is in all living organisms a difficult process due to the large size of a
genome, in which as much genetic information as possible has to be packaged into a small
volume. Frequently, the storing compartment has a diameter, which is thousand times smaller
than the length of the DNA molecule. Evolution has solved this problem in different ways.
Overlapping genes in viruses are able to increase the genomic information without
compromising the size of the DNA molecule. In other viruses positively charged molecules and
cations guarantee a neutralization of the DNA polymer and hence dense packaging. In higher
organisms proteins are employed in tightly packaging DNA aggregates. An interesting example
for successful condensation and packaging of a long dsDNA genome in a small volume is
presented by the Chlorella viruses. In the case of virus PBCV-1 (Paramecium bursaria Chlorella
virus-1), the prototype of Chlorella viruses, a ca. 100 um long DNA molecule is packaged into
a volume of only 1.7 * 107 m>. The small amounts of polyamines, which are present in the
viral particle, are insufficient for charge compensation. To test whether virus PBCV-1 uses, like
phages, cations for charge compensation, we measured the content of cations in the virus
particles with Energy dispersive X-ray spectroscopy and Inductively coupled plasma-mass
spectrometry. The data reveal that cations can be detected, but the concentration in the
particle is not sufficient to accomplish the whole neutralization of the DNA molecule; only one
fifth of the total phosphor concentration can be neutralized by Mg®*" or K* or Ca**. By
summing up all cations, detected in the particle, we can estimate, that 58 % of the total

phosphate can be neutralized in this way.

Imaging of ejected viral DNA indicates that it is intimately associated with proteins in a
periodic fashion. A combination of fluorescence images of ejected DNA and a bioinformatics
analysis of the DNA reveal periodic patterns in the viral DNA. The periodic distribution of GC
rich regions in the genome provides potential binding sites for basic proteins. Collectively the
data indicate that the large Chlorella viruses have a DNA packaging strategy that differs from
that of bacteriophages; it involves proteins and shares similarities to that of chromatin

structure in eukaryotes.
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In the genome of PBCV-1 an ORF, A278L, encodes for a protein, with kinase activity, which
resembles in its physical properties, i.e. small size and basic isoelectric point (IP: 10.8),
histones. Further, the protein is present with a high copy number (397) in the virus particle.
Altogether, this makes the gene product of A278L an interesting candidate for DNA
condensation. We find in a qualitatively way that the recombinantly produced and purified
protein A278L indeed causes a higher degree of genomic condensation. In comparison with
the neutral protein BSA, A278L causes a roughly two fold higher degree of DNA clustering.
Atomic force microscopy force spectroscopy was used to determine the DNA binding capacity
of the A278L protein. An analysis of binding of native viral proteins, which were in contact
with the viral DNA after a release by osmotical shock from the PBCV-1 virions, revealed a
characteristic binding behaviour. The data revealed an average force of 64 = 23 nN for the
binding between native proteins and viral DNA. The recombinant protein A278L showed a
similar binding strength to isolated viral DNA; on average 22 * 3 nN were required to
separate the protein from the DNA. These measured forces for separating proteins from DNA
are specific for a protein/DNA interaction because proteins could be pulled away from the
mica surface with a 100 times smaller force. The results of these experiments imply that virus
PBCV-1 employs small molecules such as cations and polymaines in combination with proteins
for packaging its large dsDNA genome in the virus particle. The proteins may support the
organization of meta-structures and the consequent achievement of a crystalline-like order
inside the virion. In addition, they may also provide substantial contribution to the
neutralization of the DNA. The present results provide some new understanding of viral DNA
packaging. This may help to create artificial devices for DNA shuttles in the field of gene

therapy.
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7. Zusammenfassung

Der Prozess der DNA-Kondensation stellt in allen lebenden Organismen einen komplizierten
Prozess dar. Der Grof3enunterschied zwischen DNA-Molekiil und Zelle bzw. Viruskapsid, sowie
die negative Ladung des Phosphatriickgrates der DNA sind die groldte Schwierigkeit einer

erfolgreichen DNA-Aggregation.

Im Laufe der Evolution haben sich unterschiedliche Prozesse entwickelt, um diese Aufgabe
erfolgreich durchzufithren. So kodieren z.B. eukaryotische Zellen fiir Proteine, so genannte
Histone, die wie in einer Spule von der DNA eng umschlungen werden. Dadurch ist es moglich
die DNA zu kondensieren und eng zu packen. Dieser Prozess kann ebenfalls von positiv
geladenen Molekiilen, Polyaminen oder Kationen durchgefiihrt werden. Ebenso wurden
Prozesse etabliert, die es ermoglichen Geninformation auf geringem Raum zu kodieren, die so
genannten overlapping genes, um die Grolde des Genoms zu reduzieren. Chlorellaviren sind
ein positives Beispiel fiir eine erfolgreiche DNA-Kondensation wie am Prototyp dieser Familie,
PBCV-1 zu erkennen ist. Die Herausforderung fiir diese Virengruppe besteht darin, ein Genom

in ihrem Kapisd zu verpacken, welches 1000 mal langer ist.

In topographischen Atomic force microscopy - und fluoreszenzmikroskopischen Messungen
wurde festgestellt, dass die isolierte, virale DNA repetitive Strukturen aufweist. Des Weiteren
zeigen Sequenzanalysen, dass eine periodische Verteilung GC-reicher Sequenzen vorliegt, die
mogliche Bindungsstellen fiir basische Proteine sein konnen. Biochemische Experimente
zeigen, dass keine signifikanten Konzentrationen an Polyaminen vorliegen und diese Menge
lediglich 0.02 % der DNA kondensieren konnte. Ebenso liegt keine hohere Konzentration eines
einzelnen Kations, z.B. Mg**, vor, wie Energy dispersive X-ray spectroscopy und Inductively
coupled plasma-mass spectrometry belegen. Es ist allerdings moglich, dass die Summe aller
Kationen fiir die Kondensierung teilweise verantwortlich ist, da bereits 58 % der DNA
neutralisiert werden konnte. Diese Erkenntnis steht im Gegensatz zu den Ergebnissen der

Phage A, die ausschlie8lich Kationen und Polyamine zur Aggregation nutzt.

PBCV-1 kodiert fiir ein Protein, A278L, welches Kinaseaktivitidt aufweist. Des Weiteren dhnelt
A278L in den physikalischen Eigenschaften Histonen und ist somit ein wichtiger Kandidat fiir

die Aggregation der viralen DNA.
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Das rekombinante Protein zeigt in topographischen AFM-Messungen, im Vergleich zum

neutralen Protein BSA, eine Verdopplung der Aggregation der viralen DNA.

Kraftspektroskopische Messungen zeigen, dass das rekombinante Protein A278L (25 nN) eine
dhnliche Bindungskraft zur DNA aufweist wie die an der DNA assoziierten Partikel (64 nN).
Dieses Protein konnte, neben Kationen, fiir das Aggregieren der DNA verantwortlich sein, so

dass eine Metastruktur und eine Organisation der viralen DNA gewéhrleistet werden kann.
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